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BY THE CULTIVATION OF LEGUMES large 
. quantities of nitrogen can be obtained from 
the air, but for all cultivated nonlegunies the nitro- 
gen present in the soil alone is available. 

Nitrogen fixation from the air takes place only if 
tlie legumes harbor the proper bacteria in their root 

nodules. 

These nodules are usually found on native and 
eommonly eultivated legumes, whereas legumes 
planted for the first time in a loeality remain fre- 
quently without nodules beeause of the absence of 
their bacteria. 

Legumes without well-developed root nodules as 
a rule do not attain a fully satisfactory development. 
Artificial inoculation with tlieir specific bacteria is 
advisable in such cases; but proper tillage, together 
with the application of lime, phosphate, and potash, 
deserves equal attention. 

For the iuoeulatiou of legumes, soil can be used, 
if it contains the proper bacteria and is free from 
weed seeds and plant diseases and parasites, or arti- 
ficial cultures nmy be obtained from Government or 
State institutions or from reliable firms. 

Tlie inoculation of nonlegunies as well as of the 
soil itself with various beneficial bacteria has been 
tried repeatedly, but without success. 
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INTRODUCTION 

THE FIRST EXPERIMENTS in the inoculation of legumes 
were made in Euroi^e about 40 years ago, and similar tests with 
nonlegumes followed some 10 years later. In most cases the results 
of these early experiments were uot satisfactory, and it was evident 
that thorough investigations of the inoculation of legumes were 
urgently needed. These were begun by the United States Depart- 
ment of Agriculture in 1901, and during the next 10 years so uiueh 
seientihc work along these lines was conducted in America as well as 
in Europe that every year increasing numbers of cultures for the 
inoculation of legumes were sent out to farmers and used by them to 
great advantage. Several investigators in Europe tried to get simi- 
lar results by the inoculation of nonlegumes, but failed. 

Between 1902 and 1913 a number of publications were issued by the 
United States Department of Agriculture to spread among the 
farmers accurate knowledge of this new method of increasing the 
yield of crops at a very moderate cost and also to point out to scien- 
tific workers the precautions that must be ob'^erved in order to obtain 
satisfactory results. All these publications are now out of print. 

At present several hundred thousand cultures of bacteria for the 
inoculation of legumes are distributed annually by the Ignited States 
Department of Agriculture, the State experiment stations, and com- 
mercial concerns; but as an estimate indicates that all these cultures 
are sufficient for only about 2 per cent of the legumes planted in this 
countrj', further extension of this work seems very desirable. 
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From time to time new briinds of cultures for the inoculation of 
nonle-nimes arc oil'ored by coinm.nrial concerns to farmers, despite 
tlic fact that no eiforts made bv scicntilic workers n\ this direction 
have been crownt'd with siicces.^. As a rule, these preparations are 
sold for legnines iis well as for uonleLninies. and reports ol the satis- 
factory results obtnined with Iw^junvs iuo frequently used in adver- 
tisements as the l)asis for vcconunendinji their purchase lor non- 
le'Mimes. Hlf^h-pressure sales methods often help to make such 
attempts very successful for the inunufiicturer, thoujrh not for tlie 

farmer. . . i . r 

To 'dve every farmer an opportunity to <ram a clear uiulerstantlinf? 
of the\h()lc situation, the most important facts relating to the subject 

will be presented in the folloxring 
paaes. If now and then some 
diliiciilty arises which has not 
l^een anticipated here, an imiuiry 
should be sent to the agricultural 
experiment station of the State 
in which the faruiev resides or to 
tlie Bureau of Plant Industry, 
I'nited States Department of 
Agrifidture. "Washington, D. C. 
Impaitial information, based 
upon all facts available, will be 
i^iveu free of charge, and. if 
necessai N . experiments will 1)0 
contlucte<l to ol)tain definite data 
which will aid the farmer in 
his work. 

LEGUMES AND NONLEGUMES 

The cii>tom of dividing all cul- 
tivated plants into the two groujis 
of legumes and nonlegumes is 
well founded. It luis been known 
since ancient times that the 
so-called legumes — peas.' beans, 
vetches, clovers, alfalfa, lupines, 
and related plants — enrich the 
soil, whereas a continuous growth 
of cereals and other nonlegumes leads to a more or less rapid decline 
in soil productivity. After a more complete knowledge ot_ plant 
nutrition had Iteen' attiiined in the course of the last century it was 
found that this ditl'erence is mainly due to the manner in which these 
two groups of i)laut-. obtain tlieir nitrogen. All cultivate'l legumes 
are able to take nitrogen from the air; all cultivated nonlegumes 
must find it in the soil. If a soil is rich in nitrogen, the legumes, too. 
mav draw on this source, though they do not need it. Pure sancl, 
devoid of all nitrogen, iwrmits a healthy growth of legumes if all 
other conditions for their normal development are present. 

Most important amoiur these other ccmditions is the presence on 
the seeds or in the soil of certain bacteria that will enable the legumes 
to luake use of atniosidieric nitrogen. It is not the legume itself but 




Via. 1. — Itotl-clovei- root wUU uodulos 



Inoculation with Nitrogen-Fixing Bacteria ' 3 

these bacteria that gather the free nitrogen and transform it into 
compounds wliicli are taken up by the host plant. The laboratory 
where the bacteria jierform this wonderful transformation, that no 
cheunst has yet been able to imitate, is in the root nodules visible on 
healthy legume plants. 




1"I0. 2.— .J^UiUI^ Midliiw W»} vetch nodules (It) 



Figures 1 to 3 show these peculiar formations upon the roots of 
clover, alfalfa, vetch, Lima beans, cowpcas, and soy beans. There 
are considerable dilTcronccs in the shai)0 and size of the single nodulea 
Generally those upon plants introduced more recently from Asia are 
more spherical and larger than those found upon the legumes that 
are native in Europe and America. Frequently many small nodules 
are united in clusters, like those shown in Figures 2 and 4. 

The number of nodules which may develop on a plant root varies 
from a few to several thousand. As many as 5.000 have been counted 




Fig. K. — Xodules of cwpcas (J), soy bpaiis (II), Lima beans (C) 



1 on individual plants of garden bean plants growing in a greenhovise. 

ilt is not to be expected that such large numbers will be found under 
the conditions existing in extensive fields. The distribution of the 
nodules 011 the root is of gi-eater importance, because it shows the 
^ distribution of the legume bacteria in the soil. (Fig. 5.) 

1 
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As -with all cultivated lef^unies, root nodules occur on many wild 
relatives, which iu ])astui-es and meadows play an important role, 
(Fi<,'. C.) They mauitaiu the i)roductivity of the soil and increase 
thcTood value "of its product. It is probable that much of the vast 
(luautity of nitro<;en stored in our prairie soils has been drawn from 
the air"bv the root-nodule bacteria of Avild-.yrowing lo<;uuies. 

A few wild-growing legiunes, 
of which the most coninion are 
honey Icust, Kentucky coiTee 
tree/ and wild senna, appar- 
ently do nol produce noclules; 
at least, none have been found 
on them thus far. On the 
other hand, tliere are several 
wihl-growing nonleguuies that 
produce root nodules very simi- 
lar to those of lejjjumes. The 
alder tree (Alnus), Jersey tea 
and mountain balm (Ceano- 
ihus). silverberry (Elaea(;nus), 
and Buttalo berry (Lepargyrea), 
as well iis the Cycadacea>, are 
such exceptions. "(Figs, 7 and 
S.) All these plants are of 
little or no agricultural value. 
For practical purposes the gen- 
eral statement therefore remains 
true that the cultivated legiunes 
are able to ulili/.e atiuospheric 
nitrogen with the help of their 
root-nodvde bacteria, whereas 
cereals, potatoes, beets, and 
K,„. .1— voivrt i.oan no.iaios other cidtivated nonlegumes are 

depeudi'Ut on the nitrogen 
available in the soil. That nonlegumes may be benefited by nitrogen- 
lixiug bacteria in the soil itself will be (liscussed presently, but the 
nonlegumes take little active part in this process, 

ROOT-NODULE BACTERIA OF LEGUMINOUS PLANTS 
BACTERIA 

Like all other ba^toria. those in the root nodules of leguminous 
plants are so vory i^mail that powerful microscopes must be used to 
make them clearly \isible. 'J'heir form varies to some extent, as 
may be ycLui by examining Figures D and 10. The real ini-aning 
of the thotisan'dfohl magnification apjdied in these cases becomes 
evi(leiit when we consider how a cat, for instance, would look if it 
could be nuiguitled a thou.sand times. If its real dimension.s are 
20 by 10 bv \ inches, they would be increased to approximately 
l.Gr)(j by Sii.T by ;'>:50 feet. Sucli a conipari-^(m is necessary to give a 
correct' conception of how unbcliex ably small bacteria really are. 

Tlieir minute si/.e uuikes it easily possible for l)acleria to enter the 
roots of plants and to penetrate the soil to considerable depths. 
Furthenuore, bacteria are able to nuiltiply very rapidly if environ- 
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mental conditions are suitable. Within half an hour a bacterium 
may double its size and thou divide into 2 bactoria of original di- 
mensions; 30 minutes later these 2 may make 4; after another hour 
there will be 16; after the next hour 64; and after about 15 hours 
the single bacterium may have gircn rise to not less than 1,000 
millions of its kind. Quantities like this become visible to the naked 
eye as very small slime droplets, usually of a whitish appearance. 
In tlie laboratories bacteria are grown in liquids, or upon jellies, 
or directly in soil. The turbiditv and tlip whitish sediment visible 
in liquid cultures as Avell as the slimy layers on jellj^ cultures always 
contain very large numbers of active organisms it the cultures are 
not too old. 




Vir,. 0. Uoots of a Innust tn'e with mauy iiodulos 



Despite the luiiuite size of the bacteria, every strain of tlieiii has 
its j)eculiarities, a higher or lower efficiency, ju.st as with breeds 
of higher organisms. A very important task in the preparation of 
cultures consists therefore in the selection and propagation of the 
most active and efficient strains of bacteria. Although all root- 
nodule bacteria display many couimon features, there are certain 
marks which serve for a more or less accurate diifenrntiation. INIost 
important among these is, of course, the behavior of the bacteiia 
toward leguminous plants. Certain strains of noduk bacteria in- 
vade the roots of one,' kind of legrume only, others are much less 
particular. Numerous tests have sliown that for practical purposes 
the cominoiily cultivated legumes luny bo divided into the sereti 
following groups, each of wliich has its special bacteria. 
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1. — LryumcH inoculated by alfalfa haeteria 
Common namo Scientific name 

Alfalfa Medicago sativa. 

Bitter clover Melilotus indica. 

Button clover Medicago orbieulnrls. 

(^ahfornia bur clover Mcdicngo dentlOulata. 

Fenugreek Trigon«Ha foennmgrnecum. 

Southern bur clover Medicago maculata. 

White sweet clover Melilotus alba. 

Yellow sweet clover Mclilotus otticinalis. 

Yellow trefoil Medicago lupulina. 

AVest of the Mississippi llivcr soils are usually found stocked with 
alfalfa bacteria, and tlie spread of sweet elover alon<; the railroad 
lights of way and the roadsides as well as the plantinj? of alfalfa 
and sweet clover by fanners has tended to give wide distribution to 




KlG. 7. — AlUor nodules {A) ; Jersey-tea uodulcg (B) 

the alfalfa strain of nodule organism in the eastern part of the 
ITnitcd States. 

2. — Lcyumcfi inoculated h/i rcd-rlorcr haatcria 

Lommon name Scientific name 

Alsike elover Trifollum liybridum. 

Criui.son c-Io%-er Trifolinin luciiruatiini. 

Hop clover TrifoHum ograriuni. 

Low hop clover _ Trifolium (Itlbluui. 

Mammoth red clover Trifolium pratense perenno, 

Kabbit-foot clover Trifolium arvensc. 

Red clover Trifolium pratense. 

White elover Trifolium repeu.s. 

lied and other clorers of the genus Trifolium have long been 
stiuidard legume crops in the nortlieasteiii pai't of the United States, 
which accounts for the fact that in practically all of the soils in 
that section nodules occur uatmally on these plants. This is true 
also of the southeastern section of the Ignited States, where crimson 
clover has long been used as a green-manure crop, oeeupying the 
laud during the winter. 

0)733'— 2ft— 2 
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3. — Lcfntums tmoemialei by retch bacteria 



Canada field pea. 

Comiiioii vetfU 

Garden ih.'u 

llniry vetch 

Broad beau (liorse bean) 

Lentil 

Narrow-leaf vetch 

Purple vetch 

Sweet pea 



Common name 



Scientiflc name 
. PIsum sativum arvense. 
. Vlcia sativa. 
. I'isuui sativum. 



Vicia villosa. 
VIcIa faba. 
Leus esculenta. 
Vlcia angustlfolla. 



.. Vlcia atropiwimrea. 



.. LatUyruM odoratus. 



The vetch strain of nodule bacteria is present in many locahties, 
because of the presence of wild vetches and the long-continucd prac- 
tice of growing fjarden peas in the family o;arden and crop vetches 
in the field. There are many soils in the Middle West and East, 
however, that seem to need the vetch orf^anism. On the Pacific coast 
the soils arc apparently well supplied with vetch bacteria. 



The bacteria of common <jarden beans and navy beans arc inter- 
changeable. They are not related to any of the strains previously 
mentioned. Their distribution is very wiile, on account of the almost 
universal practice of planting some vai-iety of garden bean. 

5. — Lupine bacteria 

Lupine bacteria are rare in all soils where thcii- host plants have 
not been grown before. Accordingly, the following plants, as a rule, 
are benefited by inoculation : 




V 5iv 



Pig. 8. — Cycas nodults 



4. — Garden and navy-bean baeterla 



Blue lupine 

Serradella 

Sundial (wild) lupitie_. 
EuroiMjan yellow lupine. 



Common name 



Scipntiftc name 

Luplnu>i angustifoliu.s. 
Ornitliopus sativus. 
laiplnus i)erenni.s. 
Lupiuus iuteus. 
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G.~Legumes inoculated hy cowpea bacteria 



Common name Scicntiflo name 

Cowpea Vlgna sinensis. 

^ lorida bcpgarweed Desmodlum purpureum. 

Jack bean Canavalia eusiforinls. 

Japan clover Le.spedeza striata. 

Kudzu Pueraria thuiibergiana. 

I.iina bean I'haseolus iunatus niacrocarpus. 

I'artndgc iwa Chamnecrlsta fnsciculata. 

1 oauut Aiaohis lijpogaea. 

rigcou-pea Cajaims iudicus. 

Tick trefoil Desmodlum canescens. 

1 epary bean I'hascolus acutlfoliua. 

Deenng velvet bean Stlzolobium deeringlanum. 

Tho cowpea has been the universal summer legume crop of the 
.South; hence the bacteria of this legume are widely distributed 
m that section. The fact that nianv of the native wild le<'umes 



Fig. 9. — Vetch bacteria (A) unsialu-d, cowpea bacteria («) stained. x 1,000 

and some of the other cultivated legume crops of the South have 
similar bacteria in their root nodules also contributes to their ex- 
tensive natural distribution. 



7. — Soy-bean bacteria 

The soy bean, unlike any of the foregoing crops, is associated 
with bacteria not related to any of the commonly known strains. 
This, together with the fact that soy beans have been grown ex- 
tensively for only 25 years in this country, indicates the necessity 
tor artificial inoculation when planted for the first time. In many 
sections of the South, however, soy beans require no inoculation, 
since they have been grown there for some time. 



NODULES 



/When a plant is examined for its nodules these will be found 
either evenly distributed over all roots or most of them close to- 
gether in a .small area near the crown. (Fig. o.) Only youn"- roots 
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five cntoml bj' the bacteria. If these are bronpht into the soil with 
inoculated seed, the infection will take place very early, close to 
the crown. On the other hand, if only those bacteria that are widely 
scattered in the soil become active, the nodules will appear later 
on the lateral roots. The earlier the nodules are foruied the more 
nitrofren will be fixed, as a ni\o. 

All legume root nodules are annual irrowths, whether they occur on 
l)eronnial or annual le<runies. On account of their tender nature, 
nodules arc easily rotted away when the plant bejrins to de<;line 
or assumes a dormant state. By this means the bacterui are re- 
tiu-ned to the soil in much-increased numbers. It is sometimes 
difficult to lind nodules on an alfalfa plant after two or three years' 
fjrowth when the tajjroot is firmly e^tablishcnl and conditions are 
not favorable for the development of surface roots. 

EELWORMS 

Other or<ranisms, too, may penetrate the lejj;ume roots and cause 
deformities and swcllinps that may bo mistaken for normal root 




10, — Vetch Imetorla {A) with flRRclla stalued. soy-hcan bacteria UO with 
tiagella 8tnliic<l. X 1,000 



nodules. Nematodes, or oclworins, may form such flails, and the 
crown-fiall bacterium, which produces tumors on many other plants, 
may also infect the roots of a legume, causing swellings, which 
should not be confounded with normal root nodules. Figure 11 
shows such abnormal formations. As a rule, plants infected by 
these organisms do not look healthy. In case of doubt, such ma- 
terial may be sent for examination to a State agricultural experi- 
ment station or to the United States Department of Agriculture. 

INSECTS 

lloot-eating insects also by their destruf'tion of nodules play a part 
in preventing the fixation of nitrogen. One that is widely known at 
the present time, the bean loaf beetle,' is noticeably destructive, mainly 
in the Southern Statcvs. This beetle eats the leaves of .some of the 



^ Ccntloma ti'ifurrutii I'^orst. 
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common legumes, such as the garden bean, cowpea, and beggarweed, 
and lays its eggs at the base of a plant. When the larvtc appear, they 
food on the roots and nodules of the plant. (Fig. 12.) Experiments 
made in Mississippi indicate that nitrogen fixation through the 
a<'-encv of nodule baeteria may be practically stopped by the ravages 
of these larva'. To a certain extent the insects may be curbed by con- 
trol of preseason conditions, such as clean culture to prevent the 
winter protection of the insect, by planting after the overwintered 
beetles have laid their cg'gs, which is May 1 to 15 for central Missis- 
sippi, and by rotation of crops. . ,, J. T 1 1 
■ White insects, called mealybugs, ai'e oceasionally found clustered 
more or less thickly on the nodules and roots of lespedeza, soy beans, 
red clover, white clover, and other legumes. The extent to which 
these insects interfere with nitrogen assimilation and the develop- 
ment of the nhuit is dependent largely on the number present on 
the root and the ability of the plant to withstand the attacks. Maxi- 
mum damage may be ex- 
pected when the moisture 
in the soil becomes insuffi- 
cient for the needs of the 
plant. It has been re- 
ported by the Illinois Agri- 
cultural Experiment Sta- 
tion that under such 
conditions plants of red 
clover have been killed by 
mealybugs. 

NITROGEN FIXATION 
BY LEGUMES 

The nodides on all roots 
"growing on an acre do not 
contain more than a few 
pounds of nitrogen, whidi 
can not account for the 
large quantities of nitro- 
gen that are gathered by 
the legumes under suitable 
conditions. The continuous stream of starch and sugar passing 
from the leaves through the stems to the roots is partially used hy 
the root-nodule bacteria with atmospheric nitrogen to form soluble 
niti-ogenous compounds. These compounds are taken up by the plant 
and utilized in the building of its tissues. By this means legumes 
produce large quantities of organic material rich in nitrogen which 
is valued as human and animal food. 

In order to get the greatest benefit, it is therefore necossan' to 
select in each case those legumes whi. h are best adapted to soil and 
climate. The possible gain- in nitrogen and vegetable matter may be 
very small or very large, according to the conditions. Since soil and 
cliiiiatc are highly variable factors, special tests must be made to find 
out in each case which legumes deserve preference. In addition, the 
oconoiliic side of the i)robkm, of course, is also to be considered. 




Via. 12. — NoOiUcs of cowpoa lujiircd by the larvnmt 
the bi-nn leaf boctlp. X 5 



Inoculation witfi Nitrogen-Fixing Bacteria 13 

If legumes are grmvn as main crops, only those should be accepted 
as ^^ o™! while which contain not less than 100 pounds of nitrogen per 
acre; loO to 200 pounds are still uioi-e satiKfactory, while with cover 
crops occupying the held for only a few months GO to SO pounds must 
bo considered a good return. Wliether or not all this nitrogen is ac- 
tually taken from the air depends „n the <-ircnmstauces in each case. 
It tliere is much available nitrogen in the soil in the form of nitrate 
t us may be taken up by the legumes and by the bacteria, too, and 
tlic Jatter may then assimilate but little from the air 

lov all practical purposes it may be assumed that most of the 
nitrogen in a legume crop comes from tlie air, if a marked increase 
in the produc ivitv of the soil is noticeable after the legumes have 
been harvested. 1 hough a gam of 30 (o 50 pounds per acre in field 
soils can not be ascertained with accuracy, even with very careful 
cheimcal analyses, this quantity of nitrogen in tlie soil has a marked 
ellect on the succeeding crop. As a rule, poor soils are much improved 
It legumes are includod in the crop rotation. Winter cover croi^s 
are very useful crimson clover, hairy vetch, and sweet clover being 
especially suited for tins purpose. " 

It is probable, although not definitely known, that in addition to 
the nitiogen fixation in their root n.Klules, legumes arc of additional 
benefit by exerting a stimulating effect upon the nitrogeii-fixin.r 
organisms which are living and acting in every soil. Their import 
tancc will be discussed later in this bulletin. ^ 

Average crops of cereals and potatoes remove from the soil ap- 
proximately 30 to 50 pounds of nitrogen ])er acre in a year If a 
legume is grown every fourth year as a main erop for forage, the 
manure produced from it contains one-half to three-fourths of what 
IS needed to replace the nitrogen removed in the grain crops: and 
it a leguminoiij winter cover crop is grown, perhaps betweeA wheat 
and corn and fed as hay or silage, the manure obtained from it will 
coiipletely cover the remaining deficit in nitrogen. Sueh a practice 
fertiTity '"^"'■""''^ maintaining, i^storiug, and increasing soil 

BACTERIA ON AND AROUND THE ROOTS OF NONLEGUMES 

Js^umerous^ bacteria of different kinds arc present and active in 
every soil, iranuring, tillage, and plant growth influence their num- 
ber as wel as their activities. Certain nonlegmnes, like potatoes 

S n''"' 1*'"^'' ^"""^ ^-^'^'-t favoi^bk effS 

upon them than do small grains and timothy and other grasses 

Speculative investigators have tried repeatedly to adapt tlie" root- 
nodule bacteria of leguminous plants to the roots of nonlegumes, and 
positive results have been announced. Careful tests, however have 

Sd^l of tl 'f^T I' ^'^'^'y improbable th^t th 

orig mil nature of the higher plants as well as of the bacteria could 
e changed experimentally to such a degree that nonlegumes would 
)e made to bear root nodules and harbor nitrogen-fixin- bacteria in 
them, like the legumes. It has been mentioired that "a Tew wHd- 
gi owing nonlegumes are known to produce root nodules wherein 
perliaps nitrogen fixation takes place but nothing of his Idnd W 
ever been observed witli cultivated nonlegumes. Tlieii bacteria ITe 
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only oil the outside and in the neigliborliood of the roots. If they 
exert a favoraljlo action npon plant growth, tliis can be but indirect 
and is not \'ery marked. 

NITROGEN FIXATION BY BACTERIA AROUND THE ROOTS OF NON- 
LEGUMES 

A considerable number of bacteria from different soils have been 
isolated Mliicli are able to fix elementary nitrof^cn, like the root- 
nodulo bacteria, if they arc abundantly jfed in the laboratory widi 
sugar or other suitable substances free from nitrogenous compounds. 
If they should find similar cofiditions in the soil tlieir action would 
undoubtedly be very conspicuous. The root-nodulo bacteria_ receive 
plenty of sugar from a leguminous plant. But the bacteria living in 
the soil iiave at their disposal only meager supplies of suitable food— 
tome available humus, straw, and other crop residues, remnants of 
stable and green manures, and jjcrhaps some sap exuding from 
healthy roots or from roots injured by worms, insects, etc. 

Experiments made thus far have shown that, as a rule, not more 
tiuni 10 to 20 pounds of nitrogen per acre may be added in a year 
by tiiese free-living nitrogen-iixing bacteria *to the store of organic 
nitrogen already present in the soil; occasionally 30 to 40 pounds 
liavc i)een recorded. But every soil, if it is not very poor, contains 
several tiiousand pounds of hnmus nitrogen per acre. Tliis, as woll 
as the nitrogen fixed by the soil organisms, must first be mineralized; 
thdt is, it mast be converted into nmmonia and nitrate before it will 
become accessible to the plant roots. This jjrocess takes time, utk! 
meanwhile there are many chances that these few pounds of nitrogen 
may be Icacliecl away together with numy more pounds from the 
humus nitrogou, if the soil is not covered wilh plant gro\Yth and tiuis 
protected froui the detrimental effects of iieavy rains. 

In pcnnanent grassland, therefore, the nitrogen fixation around 
nonlegmnes uuiy often play a distinctly favorable part. In the old 
soils of Europe, where by very intensive cultivation and hcav^ ai^pli- 
cations of stable manure the most .suitable conditions arc maintained 
for a very active bacterial population and the utmost care is taken to 
reduce or to avoid losses in soil nitrogen by leaching or erosion, some 
beneficial effect is oiitained from tlic bacterial activities in the soil. 
In American soils, however, because of the climatic extremes acting 
upon thcin, tiie losses in nitrogen will almost invariably surpass any 
gains. Furthermore, in America heavy apj^lications of organic 
mainires are rather the exception than the rule. They alone would 
furnish enougii suitable food to the bacteria to increase their ac- 
tivity. If such a food supply is lacking, even specially selected 
bacteria that might have shown themselves very active in nitrogen 
fixation in laboratory experiments would be quite uuable to demon- 
strate their capabilities in tiie soil. The situation is much the same 
us though a high-bred milk cow should be kept under very unsuit- 
able conditions. In that case milk production would be rapidly 
reduced and soon stopped. With nitrogen-fixing bacteria no 
better result than reduction aud failure can be expected under ordi- 
nary soil conditions. 

This, of course, relates to those nitrogen-fixing bacteria that are 
present around the roots of the cultivated nonlegmnes. It has been 
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mentioned that some wild-growing nonlcgumes have root nodules 
tilled with bacteria, much like the legumes. But these are not to be 
coniounded with the generally grown crops of nonlegumes— cereals, 
potatoes, beets, flax, grasses, etc. 

INOCULATION OF LEGUMES WITH NODULE BACTERIA 

Long before anything was knoAvn about the nitrogen-fixino- bac- 
teria in the root nodules of leguminous plants, practical farmers, es- 
pecially m the Netherlands, Iwd seen great benefit from spreading 
small quantities of soil, taken fioni fi<'ids whore legumes had been 
grown, over stretches of newly cultivated land, mainly sand and 
peat. After more definite knoulfdgo of the bacterial process had 




13.- -Stcillization of bonV's for pure cultures of leauiue b.-u-terla in the noil 
lactcTlolOKj- laboratory of the United States Dppartiueut of AgiicuUmc 



been gained, the underlying reasons for the success of this method 
became evident. Since the transportation of soil is cumbersome and 
costly, and since the seeds of weeds, as well as plant parasites, may 
be earned from field to field in such soil transfers, bacteriolofrists 
soon began to cultivate the nodule bacteria in the laboratory an7l to 
use these cultures for legume inoculation. During the first few 
years the success obtained was very variable, because, as we now 
know of imperfect knowledge about growing such cultures and keep- 
ing them active. Considerable progress has been made along these 
lines, and at the present time very efficient cultures may be obtained 
ihe distribution of cultures made by the United States Depart- 
ment of Agriculture is almost exclusiv^ly for educational purpo.'^es. 
{l\ig. 13.) Only one culture is sent to aii applicant, in order to o-ive 
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liim an opportunity to make i\ test. Larger supplies may be ob- 
tained from several of (he State agrieiiltiiral experiment stations at 
l)ractically (lie cost of production. A list of Stale in.stitulions and 
commercial firms that sell legume bacteria may be obtained from the 
Bureau of Plant Industry, United States Department of Agriculture. 

Artificially prepared cultures arc grown (1) in a nutrient solu- 
tion, where "they appear as a whitisli turbidity and sediment; (2) 
on jellies, usually agar prepared from Asiatic seaweed, the surface 
of which is covered with tlie whiti.sb slimy growth of bacteria; or 
(3) in sterilized soil. (Fig. 14.) Each oi tlio.«e methods of prepa- 
ration lias its advantages and disadvantages, and all three types of 
cultures arc on the market. The directions which accompany the 
cultures muyt be followed Yory carofully in order to assure full suc- 
cess. 



Fio. 14. — Cultures of root-no(hil<» iKicteriii In linuid (»t left), on agar (In center), 



The great differences which mfty be caused by artifieial inoculation 
are clearly shoAvn in Figures 1.5 and IG, Crop increases amounting 
to several hundred per cent are by no means rare, especially in soils 
where these bacteria are absent before inoculation is attempted. 

Even the most efficient cultures will be of little use if tiio condi- 
tions that are essential for oI)taining a good stand of legumes are 
not fulfilled. Good tilth of the soil, clean, healthy seed, and a suffi- 
cient sui)ply of lime, jjhosphate, and potash in the soil are the princi- 
pal requirements. They have to be considered first, before the bac- 
teria are asked to show what they can do. The weather dm-ing the 
growing season is likewise a fuctor. The nodule bacteria can not 
work satisfactorily imless they are amply supplied with sugar and 
starch by their host plants, \vhi(h are unable to ]3ro(luce the neces- 
sary supply unless soil and climatic conditions arc favorable. 



t 
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If the seed contains disease-prodncing iungx or bacteria their 
activities may be stimulated by the moisture in tlie inocuhition. Dis- 
tributint^ tlie bacterial culture in dry soil and spreading this on the 
field may prevent this condition, but the use of clean, healthy seed, of 
course, is much more desirable. 

INOCULATION OF NONLEGUMES WITH BENEFICIAL BACTERIA 

There are two well-established means of inoculating soil for the 
growth of nonlegumes with various kinds of beneficial bacteria— 
the application of barnyard manure on the fields and of compost on 
grasslands and in the garden. If properly preijared, both materials 
are very rich in bacteria and carry at the same time organic and 
morganic compounds that act as fertilizer. They add " life " to the 
soil, which means that many of the bacteria living in them inultiply 




l'"iG. 10.— Field of vetch, siiowins Inoculated plants on the right and uninoculated 

plants on tlif left 



rapidly in tlic soil and .'-tiuitilate the chemical jjrocesses taking ])laf(> 
in it. Not all of them are adapted to the conditions they find in the 
soil, and those bacteria will die. Some special tests have .shown that 
the conditions may be such that even the manure bacteria remain 
practically without effect. Such exceptions, however, do not in- 
validate the general rule that regularly ro])eated applications of 
barnyard manure and compost are the best means of replenishing 
and rejuvenating the bacterial flora in soil growing nonlegumes. 

All attem])ts at inoculation will remain unsuccessful if The condi- 
tions prevailing in the soil are not favorable for the growth of the 
bacteria contained in the cultures, but if tbev are favorable the bac- 
terui almost without exception will be naturally present. Because 
these organisms are of a much less exclusive nature than the root- 
iiodule bacteria of leguminous plants, thev are to be found, at least 
111 moderate quantities, in practically every soil. Careful tillage and 
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.suitable crop rotations, together with the application of lime, organic 
manures, and fertilizers, if those are needed, Avill benefit the culti- 
vated crops and tlie useful bacteria around tJieir roots si multimeously. 

REASONS FOR THE USE OF ARTIFICIAL CULTURES FOR LEGUME 

INOCULATION 

To get the fnll benefit from their growth, legnmcs must either find 
the nodule bacteria in the soil or must be sui)j)lied AA'ith them. The 




Kio. 10. — A woll-inoculaleU peauut plant 



plants will usiiiilly find liuftcria of jjioj^er t]nality in siillicient quan- 
tity in the soil if the same kind of legume has been successfully 
grown continuously or in rotation on the same field, or legumes 
that harbor in their roots bacteria which belong to tlie same groups. 

If soils are naturally rich in all different strains of nodule bac- 
teria because their native flora contains many wild-growing legumes 
of A'arious kinds, artificial inoculation is generally sui)erfiuous. On 
the other hand, if, for the first time, legumes ai-e grown which hare 
never been planted in that locality and whose bacteria are dilTerent 
from those occurring in the soil, inoculation is urgently needed. Soy 



Inoculation with Nitrogen-Fixing Bacteria 19 

beans hairy vetch and alfalfa, for instance, have frequently failed 
in hrst trials merely because they wore jslanted without bein-r inocu- 
lated lint even where the same le<rumes have been m-own before 
inoculation may sometimes bo advisable. ' 

If soil is transferred from some other place as a means of inocula- 
tion, not only will the expense for labor be hi.dier than if pure 
cultures were used, but the possible introduction of noxiou^ v U and 
plant parasites may ultimately cause serious financial l(,-e- The 
diseases which have been reported us transferred in connection with 
soil inoculation are cowpca wilt and root-knot, and the pests are 
'Johnf^on-ixvass seed, dodder seed, potato bugs, potato-tuber moths, 
and alfalfa weevds. ^ 7 r- , 

Lime should always be added and harrowed in sufficiently in 
advance of plantin^r to allow for its physical and chemical action on 
the soil before sowing lefrume seed. The bacteria, on the other hand, 
should be present when the younf? roots are beinp formed ; therefore 
it IS best to inoculate the seed. On acrount of the caustic nature of 
liydrated lime there is jrreat dan^ror that many or most of the bacteria 
will be injured or killed if exposed to the direct action of such lime. 
i^.xperimcnts have shown very conchisirely that the manufacture and 
use ot lime treated with Ic-ume bacteria are not to be encouraged. 

OBJECTIONS TO THE USE OP ARTIFICIAL CULTURES FOR THE 
INOCULATION OF NONLEGUMES 

The manner in which barnyard maniuo and compost are used in 
practical fa rmin- shows under Avhat conditions the inoculation of 
the soil foi- nonlof^rumes may be successful. The bacteria contained 
therein are suppked from the start with relatively lar^ro quantities 
ot suitable foocr, especially humus and humus-proclucin-r substances, 
winch help to keep at least part of the added bacteria alive until they 
have adapted themselves to their new environment. In the same 
manner artificial cultures for the inoculation of nonlcirumcs would 
perhaps be successful if used in bulk, together with the necessary 
lood supply. 

In addition to their high prices, all these cultures are conspicuous 
by the exaggerated advertisements used to force their sale Fre 
quently it is claimed that "agriculture will be revolutionized" if 
the farmers will buy the special preparation. Such statements alone 
should sufiice to raise grave doubts concerning the real value of the 
material. Agriculture least of all will be helped by any "revolution." 
I he develoinnent of farming is a slow and steady process which 
proceeds from century to century, as economic conditions call for 
more intensive cultivation of the land. The high productivity of 
the old fields of Europe after many of them have been used for a 
thousand years or more shows very clnarly that no "revolutionary" 
high-priced commercial cultures are need^Ml for obtaiuin.r heavy 
crops of noiilogumes, but that thorough tillage of the soil, together 
witli careful conservation and the use of organic manures as well as 
luineral fertilizers, will do all that can be expected. 

Exact scientific investigations of the bacterial flora on and about 
Uie roots of nonleguminous plants are still much needed, and it is 
hy no means unhkclT that they will lead to further iuiijrovemcnts 
in cultivating the soil. The results of such investigations should not 
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bo confounded with the so-called discoveries offered to the farmer ' 
at exorbitant prices by high-sounding advertisements. Generally, 
the real value of these preparations is exactly the opposite of that J 
heralded in the claims made for them by their manufactnrcrs. The 
fact that a preparation is covered by a patent has no significance ^ 
other than to indicate that the process of manufacture is different \ 
from that of anything else recorded in the files of the Patent Office. , 
It has nothing whatever to do with the merits of tlie material. | 

Before spending any money for such preparations, information 
should be requested from a State agricultural experiment station 
or from the Ignited Stales Department of Agriculture. Up to the 
present time, after examining more than 10 of tliese so-called biolog- 
ical fertilizers, tlie department has failed to find any which measured ; 
up to the claims made. i 

SUPERVISION OF THE DISTRIBUTION OF COMMERCIAL CULTURES 

Unfortunately, not all manufacturers entering this field have the 
intention of establishing a permanent business. They recognize i 
that, especially without tire help of scientifically trained employees, . 
some sorts of cultures can be produced very cheaply and with the I 
help of glowing advertisements can bo sold at high prices to credu- | 
Ions farmers. In a few months nnich money can be made in this 
way, as has been done in point of fact in connection with the man- 
ufacture of several of the so-called bacterial fertilizers for non- 
legumes. 

Accurate tcst'^ of such products require, in addition to laboratory 
experiments, carefully made inoculation experiments on the plants 
for whicl) tlie pre])arations are sold. It always tak(>s several months 
before final result- arc obtained, which delay often allows time for 
the unscrupulous dcah-r to sell nuich material. 

The laws of Maryland and Wisconsin prescribe that persons or ; 
firms desiring to sell within their boundaries cidtures of microrgan- ' 
isms for the stimulation of plant growth shall file a sworn statement 
of the composition of the material with certain State authorities 
who are vested with the power to refuse or cancel a permit when such 
material is sold under false and misleading claims. Violations of 
these laws may incur fine or imjirisonment, or both. A somewhat 
similar law exists in New Jersey which, however, pertains to cultures 
of legume bacteria only. 

Bacteria exist in the soil, for instance, which in pure culture 
show several features that are similar to tliose of the root-nodule 
bacteria. One of them {HaeUJu^ radlohacter) is even to be found 
fairly regularly in nodules of soy beans, cowpcas, and related plants, 
and because its cultural characters arc very much like those of the 
root-nodule bacteria of clover, alfalfa, vetcli, and pea it has been 
mistaken repeatedly for the root-nodule organism ot isoy beans and 
cowpeas. Cultures of this organism used for inoculation prove, of 
course, entirely inefficient. 

PRACTICAL TESTS OF THE VALUE OF INOCULATION 

Whether the inoculation of legumes will be successful in a given 
case depends on several factors which can be determined only by 
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experiment If a legume is planted whioh has not been grown before 
in that locality inoculation as « rule is advisable, but c^d results 
may be obtained by the use of bacteria in othei' cases whore the 
development of the plants is not very satisfactory and the nodules 
on the roots are not very numerous. First of allf it must be ascer- 
tained of course, whether the «oil conditions will favw a S 
growth -of the legumes and of their bacteria. If the soil is icfd it 
must be hmed before planting; if it is low in notas , .ml l I 

the .proper quantity o^f fertilfz^rs mu^t^ppfred f f ?hV fel'or 
drainage is poor i must be improved. After all has been doSe to 
obtain a good seed bed, clean, Wlthv seed must be avSble and 
rndta^niXTv!^''"" ^ reliabtt^^e 

It should never be overlooked that the bacteria contained in the 
cu tures are minute living plants. Many of them will dT'vhin the 
cultures are kept for a long time, especially where the tempe?*tum 

iareS; sutn-i^i m"o? h"'? ovap^oration. Even t?fe molt 

caretul supei vision of the trade can not guarantee the good aualitv 
of every culture bought. Jlerely a few samples out of many thoi? 
sands can be tes ed officially, and although tllese may be foui d vorv 
satisfactory it still depends on the handling of the cultures by thl 
manufacturers and by the trade whether or not tliey will react he 
thn^t ? ^"""'^ ''onditjon. Direct purchase from a^manufacturing 
laboratory is preferable, since keeping it for a long time on £f 

For a first trial, experimenting on a small scale is to be recom- 
mended. After the first test has given encouraging resuks, it sliou d 
be repeated on a larger scale. But negative results obtained at first 
should by no means be accepted as fiSal. Only repeated tesL w?l 
leacl o clear judgment in making a decision as to the vah^of iii- 



hoil conditions are variable m every field, and an experiment 
should therefore be arranged «, as to have inoculated and EoeS 
lated plots of the legume under test on fairly similar rep resent a?fve 
sec ions of the field Although it is almost Llf-evident.^it s i ever! 
theless too frequently overlooked that without the actual comparison 
formed""''" inoculated land no definite opinion ?an bS 

If tlic diflerence between uninoculated and inoculated plants is 
not very marked, exact weighing of the crops grown on eqifal areas 
and eareful examination of the roots are advised. Witlwm nv le 
gumes, especially when they are getting old, the nodule are eas lv 
str.pped off the roots if these are pulled out of the ground The i 
fore, the roots should be .dug, but never pulled. On sandv sc^ils 

arefullv'^?;: . "/if"' ^^-'^^^ r'^' •'•"d to shali ^ « d"rt 

carefully from the roots; in elayey and hard soils, it is better 
to raise the plant root in a ball of soil and to wash away thJ 
earth either ,n a bucket of water or by allowing a tent e stream 
to expose the root nodules. .i ^eiitie stream 

The best time for making an inspection of the roots is durimr 

he period when the plant is in full vigor, preferably a short vvl "if 

m which nodules may be expected to become visible var es vrkh 
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the conditions of soil iind woiUher and \x\th the kind of legume 
grown. Often the nodules be<rin to appear about two weeks after 
plantin<r. 

If a test has shown positive results and the whole area has been 
successfully inoculated, at the next planting it may be expected that 
no furtiicv inoculation ^ill be needed for the special kind of legume 
used and for tliose legumes that harbor nodule bacteria belonging to 
the same group. Ou the other hand, it unist be remembered that 
soil acidity, poor drainage, lack of organic matter, and excessive 
leaching, heating, or drying of the soil are more or less detrimental 
to the life of the bacteria in the soil. Under such conditions, there- 
fore, repeated inoculations may prove useful. 

With regard to the inoculation of nonlegumes, special care is 
necessary to avoid erroneous conclusions. The a])parently success- 
ful tests frequently quoted in advcrti.-cmcnts usually were made 
without precaution and often in <oiui)lpt(> disregard of the funda- 
mental rules of ciii-eful experimenting. Usually no parallel tests 
luive been made to orereome the lack of uniformity of soils, the crops 
have not been weighed with exactness, or excessi ve quantities of the 
so-called bacterial fertilizer have been applied in pot or plot tests 
of very small size where not the bacteria but the fertilizer ingredients 
have caused some crop increas<'s, which, however, can not bo obtained 
by the quantities economically applicable in the field. At present, 
the b(!«t advice wliich can be given to the farmer concerning all 
prep«rations oifered for the inoculation of soils and nonlegumes is 
to abstain from experinlenting with them and leave it to the agri- 
cultural experiment stations to find out whether they are of value. 
The pauqjhlets liberally distributed by the uianufactuvers of such 
preparations often contain quotations from well-known scientific 
books or from bulletins published by experiment stations. These 
quotations as a rule have nothing to do with the ])roduct. ofTered for 
sale but are merely statements of the beneficial activities of soil 
bacteria, etc. They are not therefore in any sense justifications for 
the claims made aiid should not he accepted as indorsements of the 
products adveitised. 

DIRECTIONS FOR THE INOCULATION OF LEGUMINOUS PLANTS 

Directions for the handling of inoculation cultures are always 
su])plie(l witli theui. usually being printed upon the label or on the 
wra.])pcr around the conta'incr. (Fig. 17.) Urief information re- 
garding the use of field soil for inoculation has been given on pre- 
vious ])ages. A few remarks nuiy be added here, since inquiries 
concerning this matter are fr<><inently received. 

FIELD-SOIL INOCULATION 

If a field has been planted to a i ci-fain leguminous cro]) and many 
nodules are found on tiie roots of this crop, the soil from this field 
may serve as a source of inocnhuion in other fields for the saaw 
crop or for crops harboiing the same bacteria. Soils to he used for 
this purpose should he known to be free from objei^tiouable weed 
.seeds, plant diseases, and destructive in.sects. 'IMie use of huge quan- 
tities of field soil for inoculation is advisable only when the 
source of supply is near the point of application. 
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The aim in collectm^ soil for this purpose is to get material in 
which the noduled roots have grown. If the inoculation has been 
recently introduced on the seed or has been sown in the rows with 
the seed, the bacteria will reuiuin segregated around the seed or in 
the rows until scattered by some farming implement, such as a 
cultivator or harrow, or until they have slowly permeated the soil 
by natural growth. 

Soil for k-»nafer should be in a friable condition. The top crust 
sliould be scraped awav and the soil for inoculation taken from the 
next 5 or 6 inches. Although the legume organisms will withstand 
the sun s rays to a considerable degree without being killed, excessive 
exposui-e is not advisable. Unless the soil is free from lumps and 
stones it should be sifted. A window screen may be used for siftino' 
if nothing more convenient is available. Sifted soil (fi<r 18) is 
especially necessary when it is to be sown through a drilf 






Vui. 



17.-Alfalfa culture In bottle with lalx-1. as distributed by the UnUed States 
DopBrliiirnt or Agriculture 



I' or tiie best results the rate of appHcntion should be liberal. It 
has been found that from 200 to 500 pounds of soil per acre will o-ive 
jKleciuate inoculation. The transferred soil may be spread by hand 
broadcasting or other means of distributing it on the surface • in 
eitber case it should be brushed or harrowed m at once. It is prefer- 
able Jrrom the labor standpoint to spread the inoculation simultane- 
ously with the fiowin- of the seed. This may be accomplished suc- 
usjtully by distributing it through the fertilizer attachment of the 

Although the liberal use of soil is esiDeciallv advised for soil in- 
oculatiou, there are times when large quantities are not available or 
u IS impracticable to obtain them. In such a case a smaller nuantitv 
liiy be adapted to a correspondingly smaller acreage, followin-v the 
lustructions for applying field .soil, or it may be mixed with the seed 
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Vm. 18. — I'ri'panuf; soil tu lie used for iuocnlatiou 
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and sown witli it. Equal parts by ^veiglit of seed and soil have been 
found to gn-e good results. 

Another process probably as widely advocated as any is the " glue 
method ot inoculation. This method was devised at the Illinois 
Agricultural Experiment Station for tiie inoculation of large seeds 
with held soil. Two hundfuls of ordinary cabinetmaker's Slue are 
dissolved in a pllon of boiling water. After having cooled, the 
mixture is sprmkled on the seed at the rate of 1 pint per bnsHd The 
seeds are stirred m order to spread the glue solution evenlv over all 
ot them I he inoculating soil, preferably dry for the purpose of 
quickly taking up the excess moisture of the glue solution on the 
seiH , IS added at the rate of ] quart per bushel and thorouglilv mixed 
with the seed. Part of the inoculating soil is thereby glued to the 
seed. 1 he rate of seeding will be slower for seed so treated than for 
that untreated, and allowance should be made for this factor 



PURK-CULTURE INOCULATION 



The pure cultures of legume bacteria are grown on specially pre- 
pared foods either in liquid or solid form. The latter Is commonly 
agar, a jellylike substance made from seaweed. This miiterial will 
not dissolve m water at ordinary temperatures, but it is possible to 
break it up into small particles. Steiilized soil mixtures are some- 
times used in preparing pure cultures of legume bacteria, but in the 
process of manufacturing it often happens that the soil is not kept 
entirely tree from foreign organisms. 

Liquid cultures are ready for use, but soil and agar cultures must 
be shaken with water to obtain a suspensiou of the organisms. Liquid 
cultures and suspensions from the other cultures aie a]:)plied usually 
to the seed, not to the soil. For small quantities of seed tlie or-nuiisius 
are generally sprinkled on the seed from the container, but for lar-^e 
quantities a sprinkling can is often used. Little batches of seed nuTy 
be worked over by hand to elFect the even distribution of the organ- 
isms (hg. IS)) but with large quantities it is more satisfactory to 
shovel the seed about. A])paratus Avhich may be used for tiie con- 
tinuous inoculation of large quantities of seed may be found on the 
market. 

If the seeds are not moistened excessively bv the culture and are 
to be planted in a short time, it is fairiv safe^to put them in sacks 
immediately after inoculation. As a ])recauti()n, however, the freshly 
inoculated seed should be spread in the shade to become air dry. 
Ihis may prevent the seed from deteriorating under excessively 
humid conditions. 

:\roist seed will feed through the drill more slowly than dry seed. 
Seed inoculated with pure cultures and then dried' and kept for a 
long time will tend to lose its inoculation. It is not safe to keep seed 
much more than 10 days without reinoculating it. On this account 
it is advisable to apply the inoculation shortly before the time of 
planting. 

USE OF MINERAL FERTILIZERS WITH INOCULATED SEED 

The concentrated condition and the chemical reaction of mineral 
fertilizers commonly sold make it necessary to advise against the 
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direct mixinfcr of inoculated seed with fertilizers T,.«fc . ^ 
nioculatod seed directly mivpd witi, V.f,; ^ -^^^^ "^'''^^ on 
sliowed that evanamkle of "aioiuni .1, r.*' ^^'t''!""!?.^ nmterials 
practically all the ojanlu 'Th e' e f id"th:rtn 
iind sypsiim killed sSnie of tl.P.n \.lf phosjiluite 
and a 4^12-4 fertilize! e ther li f ' i f bone meal, limestone, 
nodule produc on On 1^^^^^ lttT^ detnmental effect or stimulated 
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Insecticide and Fungicide Board J. K. Haywood, Chairman. 

Packers and Stockyards Administration-. John T. Caine, III, in Charge. 
Orain Futures Administratton J. W. T. Duvel, mi Charge. 



This bulletin, is a contribution from 

Bureau of Plant Industry Wiluam A. Taylor, Chief. 

Office of Soil Baeteriologu K. F. KelLerman, in Charge. 
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